It is well recognized that both cardiovascular and noncardiovascular drugs may promote arrhythmia.
On the other hand, we have previously examined the effect of terfenadine on the action potential of isolated guinea pig ventricular tissue and found that the drug reduces the maximum rate of rise (ϩV · max ) but does not prolong APD. 15) This was apparently contradictory to the observation that terfenadine prolongs QT interval on electrocardiogram and raised the possibility that the in vivo arrhythmogenic activity of the drug could not be evaluated in isolated tissue preparations from guinea pig ventricle and dog Purkinje fibers. Thus, in the present study, we applied terfenadine to myocardial tissue preparations from various regions of the rabbit heart including the Purkinje fibers to examine the possible APD-prolonging effect of the drug.
MATERIALS AND METHODS

Microelectrode Recording of Action Potential Configuration
Microelectrode experiments were performed as described previously. [14] [15] [16] Male Japanese white rabbits weighing 2.0 to 2.5 kg were anesthetized with intravenous pentobarbital sodium (40 mg/kg). The free running Purkinje fibers, right ventricular free wall, left atrium, and right atrial tissue including sinoatrial node region were quickly dissected from the hearts and placed in an organ bath containing modified physiological salt solution of the following composition (mM): NaCl 135, KCl 5, CaCl 2 2, MgCl 2 1, NaHCO 3 15, and glucose 5.5 (gassed with 95% O 2 /5% CO 2 , pH 7.4, 37°C). Purkinje fibers, right ventricular muscles, and left atria were driven by external electrical stimulation with bipolar platinum electrodes and rectangular current pulses (5-ms duration, about 1.2ϫthreshold strength) at a constant frequency (1 Hz) generated by an electronic stimulator (Nihon Kohden, SEN-3201). Conventional microelectrode penetrations were made with glass microelectrodes filled with 3 M KCl. The output of a microelectrode amplifier (Nihon Kohden, MEZ8201) was monitored through a dual-beam cathode-ray oscilloscope (Nihon Kohden, VC-11) and fed into a waveform analysis system (DSS98-type IV; Canopus). Drugs were added after preparations were incubated for more than 40 min, after which the action potentials of the preparations were stable. Drug solutions were prepared immediately before the start of the experiments. Terfenadine and cisapride were dissolved in DMSO. A small aliquot of the drug solution was added to the bath to give the desired final concentrations. DMSO alone up to 1.0%, which was the highest concentration reached during the addition of drugs, had no effect on the parameters measured. The significance of difference between means was evaluated using the paired t-test. A p value less than 0.05 was considered statistically significant.
Cloning of Human Ether a Go-Go-Related Gene cDNA and Stable Expression in HEK293 Cells
Human ether a go-go-related gene (HERG) cDNA fragments were amplified using PCR from a human heart cDNA library (Takara Shuzo Co., Ltd.) with oligonucleotide primers designed based on the published HERG cDNA sequence 17) (GenBank accession number U04270). The cDNA fragments obtained were assembled with standard ligation techniques and the full-length HERG cDNA was inserted into the pIRES2-EGFP expression vector (Clontech). The expression vector with HERG cDNA was introduced into cultured HEK293 cells with Lipofectamine (Gibco BRL), and stable transformants were obtained by clone culture in the presence of 400 mg/ml G418 (Geneticin, Gibco BRL). Transformed HEK293 cell clones were observed at an excitation wavelength of 488 nm and HERG currents were mesured as described below. Among the EGFP fluorescence-positive clones expressing the HERG current, a clone with a current amplitude of about 0.5 nA was chosen for analysis.
Electrophysiologic Recording of Expressed HERG Current HEK293 cells expressing HERG were plated on glass coverslips 48 to 72 h before electrophysiologic experiments. Whole-cell voltage-clamp experiments were performed in a chamber mounted on the stage of an inverted microscope perfused continuously at a flow rate of 1.0 to 2.0 ml/min. Temperature was maintained at 22-25°C. The external solution was the same as that used in the microelectrode experiments described above. The patch pipette solution was composed of (in mM): KOH, 100; KCl, 40; aspartic acid, 70; MgCl 2 , 1; ATP-K 2 , 5; creatine phosphate-K 2 , 5; HEPES, 5; and EGTA, 10 (pH 7.2 with KOH). Pipette tip resistances were 2 to 4 MW when filled with the patch pipette solution. The amplitude of the steady-state HERG current was measured as the difference between the current at the holding potential of Ϫ80 mV and the current at the end of the depolarizing pulse. The HERG tail current was measured as the peak outward current on repolarization to Ϫ50 mV. Data acquisition and analyses were performed with a patchclamp amplifier (Axopatch 1D; Axon Instruments, CA, U.S.A.), a personal computer (Prolinea 486; Compac, TX, U.S.A.) and pCLAMP 5.5.1. software (Axon).
RESULTS
Effect of Terfenadine on Action Potential of Rabbit Myocardium
The action potential parameters of the four regions examined in the absence of drugs were similar to those obtained in earlier studies. 14, 16, 18) In left atrial preparations, terfenadine had no effect on APD at 0.1 mM and 1 mM. At 10 mM and 20 mM, the drug significantly reduced ϩV · max and action potential amplitude, but had no effect on other parameters (Figs. 1Aa, Ba, Table 1 ). In the Purkinje fibers, terfenadine 20 mM, significantly decreased action potential amplitude and ϩV · max , but had no effect on other parameters including APD (Figs. 1Ab, Bb, Table 1 ). The percentage of APD 60 (APD at Ϫ60 mV) was 100.3Ϯ3.1% in control preparation even at the highest concentration of terfenadine 20 mM (nϭ4). In the ventricle, terfenadine had no effect on action potential parameters at all concentrations examined (Figs. 1Ac, Bc, Table 1 ). In the sinoatrial node, terfenadine 20 mM significantly decreased ϩV · max and increased cycle length, but had no significant effect on other action potential parameters (Fig. 1Ad, Table 2 ). As terfenadine prolonged APD in none of the four regions examined, we checked the validity of our experiments by testing the effect of cisapride 1 mM in each region. Prolongation of APD was observed in all regions as described in our previous report.
14)
Effect of Terfenadine on HERG Channel Current in HEK293 Cells In whole-cell voltage-clamped HEK293 cells expressing the HERG channel, depolarization to membrane potentials more positive than Ϫ50 mV induced a voltage-and time-dependent outward current ( Fig. 2A) . A timedependent decrease in outward current was observed at potentials more positive than 0 mV resulting in a bell-shaped current-voltage relationship at steady state (Fig. 2C) . On repolarization to Ϫ50 mV, an outward tail current was observed. The decay of the tail could be fitted to a single exponential; the time constant (t) was 1224Ϯ114 ms (nϭ4; test potential ϩ40 mV). These properties were identical to those of HERG channel currents previously reported. 19) Terfenadine 1 mM markedly reduced the outward current on depolarization and a time-independent component remained (Fig.  2B) . The steady-state outward current amplitude on depolarization to 0 mV in the absence and presence of terfenadine was 0.44Ϯ0.10 and 0.09Ϯ0.07 nA (nϭ4), respectively. The terfenadine-sensitive component was also abolished by E-4031. The terfenadine-insensitive component was insensitive to E-4031 and was also present in untransfected HEK293 cells. The tail current on repolarization to Ϫ50 mV was completely abolished by terfenadine 1 mM (Figs. 2B, D) . The peak amplitude of the tail current after a depolarizing pulse to 40 mV was 0.46Ϯ0.05 nA (nϭ4) in the absence of terfenadine, but was undetectable in its presence (Fig. 2D) .
DISCUSSION
Terfenadine showed no prolongation of the action potential in myocardial tissue preparations from four different regions of the rabbit heart including the Purkinje fibers, which are known to have high sensitivity to drugs with action potentialprolonging activity. [9] [10] [11] [12] [13] [14] The maximum concentration of terfenadine examined (20 mM) was higher than the maximum clinically approachable plasma concentration of the drug in hepatic compromise or coadministration with drugs affecting its metabolism. [20] [21] [22] A lack of APD prolongation by terfenadine in tissue has also been reported in guinea pig ventricle, 15) and canine, 23, 24) and porcine Purkinje fiber. 24 ) Thus it appears that terfenadine does not prolong APD in myocardial tissue preparations in general. This contrasts with the observation that terfenadine prolongs APD in isolated myocardial cells. 2, 25) Our preliminary observation that terfenadine administered through coronary perfusion did not prolong APD suggests that the lack of terfenadine effects on myocardial tissue is not due to limited drug access to the interior region of the preparations. There is a report that terfenadine increased APD by 10% in Langendorff-perfused guinea pig hearts. 26) This might be ascribed to some difference in experimental conditions, but our interpretation is that the net prolongation produced by terfenadine may be negligible or much smaller than those authors' calculation; the time course data presented (Fig. 2 in the previous report 26) ) indicated that the drug was applied when the APD of the preparation was in a spontaneously increasing phase.
Some reseachers observed that the inhibitory effect of terfenadine when applied from the extracellular side of the cell membrane was weaker than that when applied from the intracellular side. 27) This was attributed to the basic nature of terfenadine; the pK a of terfenadine is 8.6, most terfenadine mol- ecules are charged at the pH of 7.4, and thus when applied extracellularly may not be able to approach its binding site close to the cytoplasmic side of the channel protein. To clarify whether this could explain the lack of terfenadine effects on the APD, we applied terfenadine to the HERG current expressed in HEK293 cells in the same extracellular solution as in the microelectrode experiments. Complete inhibition of the HERG current was observed at terfenadine 1 mM, a concentration much lower than that used in the microelectrode experiments. Thus the lack of terfenadine effects on the APD could not be simply explained by limited accessibility of the drug to its site of action.
The APD prolongation by HERG-inhibiting drugs tends to be more potent at lower stimulation frequencies. 2, 28) Inhibition of the HERG channel itself by terfenadine was reported to be unaffected by stimulation frequency in the range of 0.1 to 3 Hz. 28) Thus the frequency dependence of APD prolongation by terfenadine could be ascribed to variation in the contribution of IKr in repolarization rather than to variations in inhibition of the channel by the drug. 29) In isolated ventricular cardiomyocytes, terfenadine 1 mM significantly prolonged APD under a stimulation frequency of 1 Hz. Thus it is likely that a factor(s) other than stimulation frequency is involved in the lack of APD prolongation by terfenadine in the present study.
As multiple ionic currents are involved in the determination of APD, the inhibitory effects of terfenadine on multiple currents might be balanced, resulting in no significant change in APD. Terfenadine is reported to inhibit not only potassium currents but also the sodium and calcium currents. 7, 30) Also, in the present study, inhibition of ϩV · max was observed in Purkinje fibers and sinoatrial node preparations, indicating that terfenadine has inhibitory effects on these currents in tissue preparations. Among the IKr blockers that prolong APD, E-4031 31) and dofetilide 32) have no effect on sodium and calcium currents. Haloperidol 18) and cisapride 14) have inhibitory effects on action potential ϩV · max , which is an index of the depolarizing sodium current, and their potency is comparable to that of terfenadine. 15) Thus, although a systematic quantitative study is necessary for a final conclusion, the lack of APD-prolonging activity of terfenadine in tissue preparations cannot simply be ascribed to its inhibitory effect on sodium and calcium currents at present. Reduction of ϩV · max results in a decrease in conduction velocity and prolongs the time required for propagation of the activation wave front throughout the ventricle and thereby produces asynchrony in the process of activation among various regions of the ventricle. The resulting heterogeneity in repolarization might increase the susceptibility of unidirectional conduction block and reentrant ventricular arrhythmia. However, this does not appear to be the case with terfenadine because the drug is not reported to affect the QRS complex on electrocardiography. Thus the reason for this lack of terfenadine effects on APD in tissue preparations is not clear at present.
Many drugs that are arrhythmogenic and prolong QT interval in vivo prolong APD in isolated myocardial tissue preparations. Purkinje fibers are known to be highly sensitive to the APD-prolonging effect of drugs, [9] [10] [11] [12] [13] [14] and some researchers have recommended the use of rabbit Purkinje fiber 134 Vol. 27, No. 1
Fig. 2. Effects of Terfenadine on HERG Channel Current Expressed in HEK293 Cells
Voltage clamp pulses (4 s) to potentials ranging from Ϫ80 to ϩ40 mV in 10 mV increments were applied, followed by a 4 s step to Ϫ50 mV. A and B: Typical current traces before (A) and after (B) the application of terfenadine 1 mM. C and D: Summarized current-voltage relation in the absence (closed circles) and presence (open circles) of 1 mM terfenadine of the steady-state current at the end of the 4 s test pulse (C) and of the peak tail current during the subsequent step to Ϫ50 mV (D) were plotted versus the voltage of the test pulse. Each point with a vertical bar indicates the meanϮS.E.M. from four to five experiments. action potential for the evaluation of cardiac safety. 9, 10) The European Federation of Pharmaceutical Industries and Associations has performed a survey on the methodology within the pharmaceutical industry relating to the detection of undesired cardiac effects of active new compounds. 33) The most commonly used tissue for in vitro electrophysiology was Purkinje fibers. However, we must be aware that some drugs, such as terfenadine, are arrhythmogenic but do not prolong APD in myocardial tissue preparations. There are other examples of drugs that induce torsades de points and do not prolong APD in tissue preparations such as aprindine 34, 35) and terodiline. 36) Thus electrophysiologic studies in isolated tissue are useful for understanding the mechanisms of arrhythmogenic effects but may not be sufficiently predictive for the purposes of safety pharmacology. 37, 38) In conclusion, the present results suggest that the HERG channel inhibitory action of certain drugs underlying their in vivo QT prolongation cannot be evaluated based on their action potential-prolonging activity in isolated myocardial tissue preparations.
